Introduction
============

Microcirculation disorder is the important pathophysiological basis of diabetic complications. Studies have shown that microcirculatory disorders occur earlier in the development of diabetes.[@b1-ijn-13-6829] Abnormal microcirculation may be involved in the development of diabetes. Therefore, it is of great significance to study the changes in diabetic microcirculation in order to explore the pathogenesis of diabetes and guide the treatment of diabetes.

Cyclooxygenase (COX) is a key limiting enzyme in membrane phospholipid--arachi-donic acid--prostaglandin metabolic loop; there are two isoenzymes of structural (COX-1) and inducible (COX-2) type. COX-1 is a structural enzyme participating in normal physiological functions and in regulating the blood flow of the kidney, protecting the gastric mucosa, and promoting the aggregation of the plates. In physiological state (animals without disease), COX-2 is not expressed or low in most tissues. Tumor necrosis factor-α (TNF-α), interleukin-1 (IL-1), nuclear factor-κB (NF-κB), and lipopolysaccharide can stimulate the high expression of COX-2, and many studies have corroborated that COX-2 is an important proinflammatory mediator and the key enzyme to initiate inflammatory reaction.[@b2-ijn-13-6829]--[@b4-ijn-13-6829] In addition, COX-2 can promote vasopermeability and augment tissues' injury.[@b5-ijn-13-6829] Some researches have shown that COX-2 inhibitors have protective effects on intestinal mucosal barrier.[@b6-ijn-13-6829]--[@b9-ijn-13-6829] Several studies have affirmed that increased inflammatory mediators in diabetes can induce COX-2 activity and enhance inflammation injury.[@b10-ijn-13-6829],[@b11-ijn-13-6829]

In diabetes mellitus (DM), the blood flow velocity in the microcirculation is slowed down, especially in the venules.[@b12-ijn-13-6829] After the blood flow slows down, granular or massive red blood cells can be seen in the microcirculation and sometimes the blood flow is interrupted, swayed, or even silted; at the same time, the blood flow of microcirculation in diabetic rats is slowed down, the white blood cells that rolled along the vascular wall and adhered to the wall increase significantly, and at this time, the expression of vascular cell adhesion molecule (VCAM-1) on the surface of microvascular endothelial cells is significantly increased.[@b12-ijn-13-6829] The adhesion and activation of leukocytes lead to the production of free radicals, which not only results in the injury of local vascular endothelial cells and its subsequent effects but also causes damage to the surrounding tissue.[@b13-ijn-13-6829]

It has been shown that insulin plays an important role in normal intestinal physiology and promotes the absorption of nutrients. Insulin has a nutritional effect on the intestinal mucosa of newly born miniature pigs and accelerates the proliferation of intestinal mucosal cells in suckling pigs.[@b14-ijn-13-6829] Some reports have demonstrated that insulin improves intestinal microcirculation in sepsis and protects vascular endothelium, inhibits platelet aggregation, and ameliorates microcirculation dysfunction in stress state.[@b15-ijn-13-6829],[@b16-ijn-13-6829] In the present research, we try to explore the protective role of insulin on mesenteric microcirculation dysfunction in DM. As well known, the in vivo half-life of insulin is extremely short; therefore, controlling insulin dose clinically is extremely difficult with the risk of hypoglycemia.[@b17-ijn-13-6829],[@b18-ijn-13-6829] Here, the preparation of oral insulin microspheres using chitosan (structure as shown in [Figure S1](#SD1-ijn-13-6829){ref-type="supplementary-material"}) as carrier is reported. Insulin is encapsulated in chitosan using the solvent evaporation technique. The loaded insulin showed sustained release, which could facilitate the investigation on the protective role of insulin. Insulin-encapsulating capacity and in vitro release were measured. In vivo researches were conducted through the oral administration of the insulin/chitosan complex to mesenteric microcirculation dysfunction in DM, followed by the measurement of blood glucose, arteriole velocity, arteriole diameter, venular diameter, and hemodiapedesis level and finally the expression of COX-2 and VCAM-1 in mesenteric tissues.

Materials and methods
=====================

Materials
---------

Insulin (novolin intermediate-acting insulins, NPH) was bought from Sigma-Aldrich Co. (St Louis, MO, USA); chitosan (molecular weight, 50 kDa) was bought from Zhejiang Golden Shell Marine Life Co., Ltd. (Hangzhou, Zhejiang Province, China); and other reagents were bought from Sigma-Aldrich Co.

Methods
-------

### Preparation of insulin/chitosan microspheres

Chitosan (molecular weight, 50 kDa) was dissolved in dichlorotetrane, then, insulin was added to emulsify for 20 min via ultrasonic by solvent evaporation technique, the emulsion was added into polyvinyl alcohol dispersion medium and was stirred 12 h at 37°C, then the mixed solution was centrifuged to remove the supernatant, and the precipitate was washed by distilled water for several times to form homogeneous suspension (insulin/chitosan microspheres). The chitosan-loaded insulin was measured through particle size meter and transmission electron microscopy (TEM).

### Encapsulation efficiency measurement

Appropriate amount of insulin/chitosan was weighted and was dissolved in hydrochloric acid solution (0.1 mol/L) in volumetric flask. At fixed time interval, 2 mL of solution was extracted to measure its absorbance at 276 nm and its concentration was calculated. Until the three times the insulin concentration did not change, it was thought that insulin had been released completely. Calculation formula of drug load measurement was as follows: $$\begin{array}{l}
{\text{Encapsulation~efficiency~}\left( \% \right) =} \\
{\text{Quality~of~insulin~encapsulated~into~microspheres}/} \\
{\text{Total~mass~of~insulin/Chitosan~microspheres} \times 100\%} \\
\end{array}$$

### In vitro release of insulin from insulin/chitosan

Appropriate amount of insulin/chitosan was weighted and dissolved in hydrochloric acid solution (0.1 mol/L) in volumetric flask. At 0.5, 1, 2, 4, 8, 12, 24, 36, 48, 72, 96, and 120 h, 2 mL of solution was extracted and then added equal amount of hydrochloric acid solution (0.1 mol/L). The absorbance was measured at 276 nm, and the in vitro release capacity was calculated.

### Hypoglycemic role

Male Sprague Dawley rats (180--200 g) were acquired from Jiaxing University Medical College in China. The procedures and care of the Sprague Dawley rats were approved by the Institutional Ethics Committee of Jiaxing University Medical College in China. The expedition conformed to the guidelines for the care and use of laboratory animals published by the US National Institutes of Health (NIH Publication updated in 2011).

Sprague Dawley rats were injected with streptozotocin (STZ) only once at a dose of 60 mg/kg by abdominal cavity. After 3 days, diabetes was estimated by detecting blood glucose contents using the glucose oxidase--peroxidase (GOD--POD) method.[@b19-ijn-13-6829],[@b20-ijn-13-6829] Animals with blood glucose contents \>16.7 mmol/L were contained in this experiment. Forty diabetic rats were randomly divided into the following four groups (n=10 in each group): 1) control group: no medication was given; 2) insulin group (subcutaneous injection): 24 U/kg as a single abdominal subcutaneous injection; 3) insulin/chitosan group (subcutaneous injection): 120 U/kg as a single subcutaneous injection; and 4) insulin/chitosan group (oral administration): 120 U/kg as a single oral administration. The doses of insulin and insulin/chitosan compounds mainly referred to previous documents.[@b19-ijn-13-6829] At a certain time interval, blood glucose contents were detected using the GOD--POD method.[@b20-ijn-13-6829],[@b21-ijn-13-6829]

### Procedure of mesenteric microcirculation dysfunction in DM

The experimental procedures of Sprague Dawley rats were the same as above. Forty diabetic rats were randomly divided into the following four groups (n=10 in each group): 1) control group; 2) insulin group (subcutaneous injection): 24 U/kg as a single abdominal subcutaneous injection; 3) insulin/chitosan group (subcutaneous injection): 120 U/kg as a single subcutaneous injection; and 4) insulin/chitosan group (oral administration): 120 U/kg as a single oral administration. Blood sample was collected from the abdominal aorta and centrifuged at 3,600× *g* for 15 min to gain the sera. Mesenteriums were collected and stored at −80°C until further analysis.

### Histopathological evaluation

The mesenteric tissues were fixed in formalin, paraffin-embedded, sliced into 4 µm sections, stained with H&E staining, and measured under an optical microscope. Briefly, 24 areas corresponding to the mesenteriums were graded for the degree of mesenteric injury based on the following parameters: mesenteric microvascular deformation, blood stasis, mesenteric microvascular crinkle, and swelling of microvascular endothelial cells. Specifically, one whole deep coronal section was measured under the microscope and graded according to the extent of injury, based on the percentage of mesenterium area affected. Higher scores represented more severe injury, with the maximum score being 4 (0, histopathological changes \<10%) (1 \[10%--25%\], 2 \[25%--50%\], 3 \[50%--75%\], and 4 \[75%--100%\]). The mean score for each parameter was decided and subjected to statistical analysis.

### Mesenteric microcirculation experiment

The mesentery of the small intestine near the cecum was extracted and laid flat in a small pool of plexiglass irrigation, mesentery was put into physiological saline to keep moist at 37°C and observe the dynamic changes in microcirculation under microcirculation microsystem. And microvascular diameter, arteriole diameter, arteriole velocity, and capillary blood exudation (the amount of blood exudation in 10 visual fields) were measured.

### Western blot analysis

The Western blot methodology had been depicted previously.[@b22-ijn-13-6829],[@b23-ijn-13-6829] Briefly, mesenteric tissues were homogenized in protein lysate buffer. The homogenates were resolved on polyacrylamide SDS gels and electrophoretically transferred to polyvinylidene difluoride membranes. The membranes were blocked with 3% BSA and, then, incubated with primary Abs against active COX-2 or VCAM-1 and subsequently with alkaline phosphatase-conjugated secondary Abs. The membranes were developed with 5-bromo-4-chloro-3-indolyl phosphate/nitroblue tetrazolium. Blots were probed with an anti-β-actin Ab, and the levels of proteins were normalized to β-actin expression.

### Statistical analysis

All data were completed in triplicate unless otherwise noted. They were expressed as mean ± SD. Statistical analyses were executed by ANOVA through using post hoc testing, and data were analyzed using SPSS (Version 19.0; IBM Corporation, Armonk, NY, USA). A *P*-value of \<0.01 was considered statistically significant.

Results
=======

Encapsulating capacity
----------------------

Insulin was observed to be efficiently loaded in chitosan. The loading efficiency of insulin was found to be 37%.

Characterization of insulin/chitosan
------------------------------------

Insulin/chitosan was observed using TEM and particle size meter, and the images are shown in [Figures S2](#SD2-ijn-13-6829){ref-type="supplementary-material"} and [S3](#SD3-ijn-13-6829){ref-type="supplementary-material"}. Insulin/chitosan showed an orbicular structure with the diameter of \~56 nm and the particle size of \~23 nm.

In vitro release
----------------

The release of insulin from chitosan was observed at 37°C, with 5 mL of insulin-encapsulated chitosan. The cumulative release rates of insulin from insulin/chitosan are shown in [Figure 1](#f1-ijn-13-6829){ref-type="fig"}. Approximately 15.27% of insulin was released from insulin/chitosan after 1 h, indicating an initial burst release of insulin. Approximately 94.57% of insulin was released after 120 h.

Blood glucose
-------------

To measure the blood glucose content in a fixed time of diabetic rats administered insulin/chitosan (oral administration) and to compare with that of the insulin and insulin/chitosan (subcutaneous injection) groups, the results showed that diabetic rats injected with insulin maintained blood glucose contents in normal change for about 30 min, after which glycemia slowly raised; diabetic rats injected with insulin/chitosan (subcutaneous injection) maintained blood glucose contents in normal change for about 6 h, after which glycemia slowly raised. By contrast, insulin/chitosan (oral administration) lessened blood glucose contents to 6.3 mmol/L at 2 h after administration. Over the following 120 h, blood glucose content was augmented to 5.1 mmol/L and was then maintained at \~4.3--6.3 mmol/L for 120 h ([Figure 2](#f2-ijn-13-6829){ref-type="fig"}).

Histopathological evaluation
----------------------------

Mesenteric microvascular deformation, blood stasis, mesenteric microvascular crinkle, and swelling of microvascular endothelial cells were measured in histological specimens in the control group. Histological alterations were ameliorated in specimens from the insulin and insulin/chitosan (subcutaneous injection) groups compared to the control group. Histological alterations were significantly decreased in specimens from the insulin/chitosan (oral administration) group than those from the control group ([Figure 3](#f3-ijn-13-6829){ref-type="fig"}).

Changes in microcirculation
---------------------------

The levels of arteriole velocity in the control group were significantly lower than in the insulin and insulin/chitosan (subcutaneous injection) groups (*P*\<0.01). The level of arteriole velocity was 53.4±4.32 V/µm/g in the control group rats. Administration of insulin and insulin/chitosan (subcutaneous injection) increased the arteriole velocity levels (70.3±3.28 and 74.7±3.77 V/µm/g, respectively), whereas administration of insulin/chitosan (oral administration) significantly increased the arteriole velocity level (87.6±3.89 V/µm/g) compared with the control group rats (*P*\<0.01).

The levels of arteriole diameter in the control group were significantly lower than those in the insulin and insulin/chitosan (subcutaneous injection) groups (*P*\<0.01). The level of arteriole diameter was 16.4±2.54 L/µm in the control group rats. Administration of insulin and insulin/chitosan (subcutaneous injection) increased the arteriole diameter levels (19.2±3.08 and 19.9±2.38 L/µm, respectively), whereas administration of insulin/chitosan (oral administration) significantly increased the arteriole diameter level (24.1±2.66 L/µm) compared with the control group rats (*P*\<0.01).

The levels of venular diameter in the control group were significantly lower than those in insulin and insulin/chitosan (subcutaneous injection) groups (*P*\<0.01). The level of venular diameter was 19.3±2.11 L/µm in the control group rats. Administration of insulin and insulin/chitosan (subcutaneous injection) increased the venular diameter levels (24.2±3.79 and 25.1±2.86 L/µm, respectively), whereas administration of insulin/chitosan (oral administration) significantly increased the venular diameter level (29.6±2.67 L/µm) compared with the control group rats (*P*\<0.01).

The levels of hemodiapedesis in the control group were significantly higher than those in the insulin and insulin/chitosan (subcutaneous injection) groups (*P*\<0.01). The level of hemodiapedesis was 5.4±0.91/visual field in the control group rats. Administration of insulin and insulin/chitosan (subcutaneous injection) reduced the hemodiapedesis levels (3.6±0.76 and 3.4±0.69/visual field, respectively), whereas administration of insulin/chitosan (oral administration) significantly reduced the hemodiapedesis level (2.3±0.53/visual field) compared with the control group rats (*P*\<0.01) ([Figure 4](#f4-ijn-13-6829){ref-type="fig"}).

Expression of COX-2 and VCAM-1
------------------------------

Expression of COX-2 and VCAM-1 in mesaraic tissues were induced by the control group than by the insulin and insulin/chitosan (subcutaneous injection) groups (*P*\<0.01). Administration of insulin and insulin/chitosan (subcutaneous injection) downregulated expression of COX-2 and VCAM-1 in mesaraic tissues compared with expression of COX-2 and VCAM-1 in the control group (*P*\<0.01), whereas administration of insulin/chitosan (oral administration) significantly downregulated expression of COX-2 and VCAM-1 compared to the control group (*P*\<0.01) ([Figure 5](#f5-ijn-13-6829){ref-type="fig"}).

Discussion
==========

Microcirculatory disturbance was an important basis for the occurrence of diabetic complications.[@b24-ijn-13-6829] In this study, we observed that the arteriole velocity slowed down, the endothelial cells swelled, the arteriole diameter decreased, the venular diameter reduced, and the hemodiapedesis increased obviously. Therefore, there were several kinds of microvascular dysfunction and blood flow disorder in diabetic rats. Our study found that the blood flow in the blood vessels of diabetic rats slowed down and stagnated, which led to insufficient blood perfusion in tissues and organs, resulting in organ dysfunction, so blood glucose was controlled; it was of great significance to alleviate the symptoms of diabetes and reduce the occurrence of complications. Clinical study had also shown that glycemic control improved microcirculation in diabetics and protected organ function.[@b25-ijn-13-6829]

In addition, diabetic patients showed high viscosity, high concentration, and high coagulation in hemorheology, which affected the perfusion of microcirculation and the decrease in oxygen supply in microcirculation. The exchange of blood materials in microvessels was blocked, and a large number of oxygen free radicals were produced during the formation of the end products of glycosylation. The adhesion of autocytes was enhanced, and fibrinogen was increased, which resulted in the injury of vascular endothelial cells and vascular wall and peripheral microcirculation network microthrombotic formation eventually caused by circulatory disorders.[@b26-ijn-13-6829] From the results of this study, the mesenteric microvessels of the diabetic rats became smaller, the blood flow rate slowed down, and the capillary blood exudation was obvious; the results suggest that microvascular disease and abnormal blood velocity were the main changes and causes of diabetic microcirculation disorder.[@b27-ijn-13-6829] In contrast, vascular endothelial cells might be activated and enhanced VCAM-1 expression by the stimulation of hyperglycemia, leading to the adhesion and activation of leukocytes that caused the production of free radicals.[@b27-ijn-13-6829] In addition, the increase in VCAM-1 promoted neutrophils' adhesion, aggregation, and release of mediators in the intestinal tract of diabetic rats, which further led to the obstruction of intestinal microcirculation and the exacerbation of intestinal injury. Leukocyte migration to vascular wall space was a necessary step for tissue injury and inflammation. Leukocyte adhesion to vascular endothelium was the most important part of the process, and adhesion molecules such as VCAM-1 mediated this process. This not only resulted in the injury of local vascular endothelial cells and its subsequent effects but also damaged the surrounding tissues, which was one of the main mechanisms for the formation of diabetic microangiopathy.[@b27-ijn-13-6829] In our study, we found that the expression of VCAM-1 was increased in the control group and decreased in the treatment group. It suggested that insulin and insulin/chitosan could improve the mesenteric microcirculation dysfunction of diabetic rats by decreasing the expression of adhesion molecules.

Several lines of evidence obtained in experimental and clinical research studies have shown increased COX-2 expression in diabetic rats.[@b28-ijn-13-6829] And it was well documented that the enhanced inflammatory response in the early stages of diabetic rats was mediated by the expression of proinflammatory proteins such as COX-2.[@b28-ijn-13-6829] Many studies had demonstrated that COX-2 inhibitors have protective effects on intestinal mucosal barrier.[@b6-ijn-13-6829]--[@b9-ijn-13-6829] Our findings confirmed that the expression of COX-2 was increased in the control group and lessened in the treatment group in the microvessels and the endothelial cells of these vessels. The results showed that COX-2 played an important role in intestinal microcirculation disorder in diabetic rats. It suggested that insulin and insulin/chitosan could alleviate the expression of COX-2 in intestinal microcirculation disorder in diabetic rats.

Studies had shown that insulin had protective effects on vascular endothelium and antiplatelet aggregation and played an important role in improving microcirculation disturbance, tissue ischemia, and hypoxia under stress.[@b29-ijn-13-6829] And the binding sites of insulin and insulin-like growth factor expressed by intestinal epithelial cells were the physiological basis of insulin action.[@b30-ijn-13-6829] Previous study had affirmed that insulin played an important role in improving microcirculation in sepsis and had important clinical significance in avoiding or alleviating ischemia and hypoxia in midgut of sepsis and protecting intestinal function of sepsis.[@b31-ijn-13-6829]--[@b33-ijn-13-6829] However, the half-life of insulin was very short; therefore, controlling insulin dose clinically was very difficult with the risk of hypoglycemia.[@b17-ijn-13-6829] Here, chitosan was reported as a potential insulin nanocarrier. The loaded insulin showed sustained release, which could facilitate the investigation on the protective effect of insulin. Insulin-encapsulating capacity and in vitro release were measured. In vivo researches were conducted by the administration of the insulin/chitosan complex to mesenteric microcirculation dysfunction in DM. These results showed that insulin/chitosan (oral administration) could significantly reduced blood glucose and improved mesenteric microcirculation in DM.

In our study, we proved that insulin and chitosan- microcapsulated insulin alleviated mesenteric microcirculation dysfunction via modulating COX-2 and VCAM-1 expression in rats with DM. However, this mechanism was complex and we would continue to explore it in future experiments.

Conclusion
==========

The synthesized insulin/chitosan complex can significantly improve the bioactivity and half-life of insulin. The measured protective role can be attributed to the hypoglycemic activity, microcirculation regulation, and modulation of COX-2 and VCAM-1 expression via insulin/chitosan (oral administration) in DM as compared to free insulin and insulin/chitosan (subcutaneous injection). More detailed researches are needed to explore the underlying mechanism of insulin/chitosan on mesenteric microcirculation dysfunction in (DM).

Supplementary materials
=======================
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![Cumulative release.\
**Note:** Cumulative release profile of insulin from insulin/chitosan.](ijn-13-6829Fig1){#f1-ijn-13-6829}

![Blood glucose levels.\
**Notes:** Blood concentration of control, free insulin, insulin/chitosan (subcutaneous injection), and insulin/chitosan (oral administration). The blood glucose levels in the control, free insulin, and insulin/chitosan groups were collected, and results are expressed as mean ± SD. The results showed that diabetic rats injected with insulin maintained blood glucose contents in normal change for about 30 min, after which glycemia slowly raised compared to the control group; diabetic rats injected with insulin/chitosan (subcutaneous injection) maintained blood glucose contents in normal change for about 6 h, after which glycemia slowly raised compared to the insulin group. By contrast, insulin/chitosan (oral administration) lessened blood glucose contents to 6.3 mmol/L at 2 h after administration. Over the following 120 h, blood glucose content augmented to 5.1 mmol/L and was then maintained at \~4.3--6.3 mmol/L for 120 h compared to insulin/chitosan (subcutaneous injection) group.](ijn-13-6829Fig2){#f2-ijn-13-6829}

![Histopathological evaluation.\
**Notes:** Histopathological evaluation of mesentery injury and quantitative injury scores. Control group; light microscopy images (×400). The histopathological evaluation in the control, insulin, insulin/chitosan (subcutaneous injection), and insulin/chitosan (oral administration) groups were collected, and results are expressed as mean ± SD. A significant decrease from the control group is denoted by \**P*\<0.01 and \*\**P*\<0.01.](ijn-13-6829Fig3){#f3-ijn-13-6829}

![Microcirculation change.\
**Notes:** The microcirculation change in the control, insulin, insulin/chitosan (subcutaneous injection), and insulin/chitosan (oral administration) groups were collected, and results are expressed as mean ± SD. Arteriole velocity: a significant increase from the control group is denoted by \**P*\<0.01 and a significant increase from the control group is denoted by \*\**P\<*0.01; arteriole diameter: a significant increase from the control group is denoted by \**P\<*0.01 and a significant increase from the control group is denoted by \*\**P\<*0.01; venular diameter: a significant increase from the control group is denoted by \**P\<*0.01 and a significant increase from the control group is denoted by \*\**P\<*0.01; and hemodiapedesis: a significant decrease from the control group is denoted by \**P\<*0.01 and \*\**P\<*0.01. Arteriole velocity (V/µm/g), arteriole diameter (L/µm), venular diameter (L/µm), and hemodiapedesis (visual).](ijn-13-6829Fig4){#f4-ijn-13-6829}

![Expression of COX-2 and VCAM-1.\
**Notes:** The expression of COX-2 and VCAM-1 in the control, insulin, insulin/chitosan (subcutaneous injection), and insulin/chitosan (oral administration) groups were collected, and results are expressed as mean ± SD. COX-2: a significant decrease from the control group is denoted by \**P*\<0.01 and \*\**P*\<0.01; VCAM-1: a significant decrease from the control group is denoted by \**P\<*0.01 and \*\**P*\<0.01.\
**Abbreviations:** COX-2, cyclooxygenase-2; VCAM-1, vascular cell adhesion molecule.](ijn-13-6829Fig5){#f5-ijn-13-6829}
